Strain is generally imparted on a thin film by epitaxially growing the material on a substrate which has in-plane lattice parameters different than those of the material. For all practical purposes, epitaxial strain is strongly affected by the thermodynamic and/or kinetic processes during the growth, 6 and therefore, strain relaxation can take place at different stages of the thin film deposition, leading to a ferroelectric oxide that is partially or fully relaxed. Strain relaxation has also been shown to occur during fatigue in epitaxially strained ferroelectric thin films. 7 Microscopic details of strain relaxation and their impact on the overall properties in ferroelectric thin films have been reported in the literature. [8] [9] [10] [11] [12] [13] One of the most dominant factors in determining the epitaxial strain in the film thickness. Gradual relaxation of strain with increasing thickness in epitaxial Pb(Zr 0.2 Ti 0.8 )TiO 3 (PZT) thin films was previously studied in Refs. 14 and 15. However, variations in growth conditions could also lead to varying strain for the same thickness. 16, 17 Therefore, by studying films with the same thickness but varying degree of strain relaxation, it is possible to gain insights into parameters other than thickness that can lead to strain relaxation. In this work, we do that by studying the effects of strain relaxation on the dielectric response of Pb(Zr 0.2 Ti 0.8 )TiO 3 films of the same thickness (40 nm). We show that defects and dislocations introduced due to the relaxation of strain strongly affect the dielectric properties of the ferroelectric films and result in a large frequency dispersion of the dielectric constant and a strong Rayleigh type behavior in relaxed films. Furthermore, we correlate the electrical properties with the macroscopic structural parameters such as the tetragonality.
Pb A) imposes a tensile strain ( DSO ¼ þ0.33%) on PZT films. Piezo-response force microscopy confirms that our 40 nm PZT films grown on both STO and DSO are monodomain with the PZT c-axis oriented along the out-of-theplane direction (results not shown). We grew SRO and PZT layers at 630 C and 720 C, respectively. During the growth, the oxygen partial pressure was kept at 100 mTorr, and afterwards, the heterostructures were slowly cooled down at a rate of À5 C/min to the room temperature at 1 atm partial pressure of oxygen. Laser pulses with 100 mJ energy and $4 mm 2 spot size were used to ablate the targets. Gold top electrodes were fabricated afterwards by standard microfabrication techniques. The structural properties of the heterostructures were investigated by X-ray diffraction (XRD) technique to evaluate the lattice parameters, strain state, and crystalline quality. A PANalytical X'Pert PRO Materials Research Diffractometer (MRD) was used to obtain standard h -2h and x spectra and the reciprocal space maps (RSMs). peaks. We note in Figs. 1(a) and 1(b) that the (103) peaks of PZT, SRO, and substrate align along a constant Q x line confirming that, within the resolution limit of the X-ray diffractometer, there is no observable relaxation of the epitaxial strain in the PZT and the SRO layers. The average PZT c-axis lattice parameter and the tetragonality (c/a) of the strained PZT films grown on STO and DSO are {4:253 _ A and 1.089} and {4:14 _ A and 1.051}, respectively. This observation is in agreement with the fact that as the substrate is changed from DSO to STO, the increasing compressive strain (or decreasing tensile strain) results in the elongation of the PZT unit cell along the c-axis direction. Fig. 1(c) shows the reciprocal space map of a relaxed 40 nm PZT film grown on SRO buffered STO substrate around (103) peaks. We observe in Fig. 1(c) that the PZT (103) peak occurs at a smaller Q x than the STO (103) peak in this sample indicating that the PZT layer is not epitaxially coherent to the substrate. Fig. 1(d) shows the rocking curve measurements around the PZT (002) peaks in these three samples. We observe in Fig. 1(d) that the relaxed PZT film has a full-width-at-half-maximum (FWHM) much larger than those for both of the other two strained PZT films. The FWHM is a measure of the crystalline quality of a film. The relaxation of strain in thin films generally occurs through the formation of misfit dislocations. These misfit dislocations are generally located at the interface between SRO and PZT layers, 8, 10, 13 which results in a significant distortion of local strain field, thereby degrading the crystalline quality and increasing the FWHM. Using X-ray micro diffraction techniques on 30 nm Pb(Zr 0.3 Ti 0.7 )O 3 films grown on SRO buffered STO (001) substrates, Do et al. 7 showed that, in the regions of the ferroelectric film where a significant relaxation of strain occurs, the Pb(Zr 0.3 Ti 0.7 )O 3 (002) reflection becomes broader in rocking curve measurements and the out-of-plane lattice parameter decreases by 0.3%, which are in agreement with our observations. We indeed observed that, even when 40 nm PZT films were grown directly on STO substrates without SRO buffer layers, the tetragonality of PZT films obtained from different growth runs varied in the range of 1.045-1.09. In order to understand this variation, we note that the strain relaxation length of PZT on STO, l PZT-STO , was reported to be $40 nm.
14 In epitaxial growth processes, as the film thickness approaches the strain relaxation length, minute alteration of the kinetics caused by the slight variations of PLD process parameters (such as the growth pressure and temperature, laser energy per pulse, and cooling rate) might often cause the epitaxial strain to relax. 17 Hence, we attribute this variation of the strain state (strained or relaxed) in our 40 nm PZT films on STO to the minute variations of our PLD parameters, which are stochastic in nature. We did not observe such variations in the lattice parameters of our Pb(Zr 0.2 Ti 0.8 )O 3 films thicker than 80 nm grown on STO substrates, and the c-axis lattice parameter and c/a of those thick films were found to be $4:14 _ A and $1.045 (results not shown). This indicates that thicker PZT films (>80 nm) are relaxed and the strain state in those thick films is not sensitive the stochastic variations in the growth conditions. We also note that the tetragonality of 40 nm PZT films on STO reported by different groups lies in the range of 1.045-1.09 (for example, c/a ¼ 1.045, 15 1.087, 14 and 1.075 18 ). Furthermore, due to the smaller lattice mismatch between PZT and DSO, the strain relaxation length of PZT on DSO, l PZT-DSO , is expected to be much larger than l PZT-STO (¼40 nm). As a result, the strain state of 40 nm PZT films grown under nominally same conditions on DSO is expected to be significantly less sensitive to stochastic variations of the PLD parameters and, indeed, we did not observe any significant variation in the lattice parameters of PZT films grown on DSO substrates. These observations indicate that the high sensitivity of the growth kinetics of films with thicknesses close to the strain relaxation length to the PLD process parameters results in a significant variation of the strain state of our 40 nm PZT films grown on STO substrates. substrates as a function of PZT c/a. In Fig. 2 , we observe that the PZT films on STO with c/a in the range 1.07-1.089 consistently show a narrower FWHM (FWHM $0.1 ) than those of the samples with c/a in the range of 1.045-1.007 (FWHM ! $0. 15 ). This suggests that there is a significant increase in the defect and dislocation density as c/a of PZT grown on STO goes below 1.07. We also note in Fig. 2 that 40 nm PZT films grown on DSO substrates consistently show FWHM 0.1 . This rules out the possibility that there might be an intrinsic connection between the c/a value and the FWHM. Now, we compare the dielectric properties of strained and relaxed PZT films. Capacitance measurements were performed using an HP 4194A Impedance/Gain-Phase Analyzer. Fig. 3(a) shows the dielectric constant e r of the PZT films as a function of the electric field at 100 kHz. We refer to the cross point of the up-and the down-sweep of the e r -electric field curves as the nominal e r of a sample. Figs. 3(b) and 3(c) show the frequency dispersion of the dielectric constant of the samples. In Fig. 3(c) , the dielectric constant is scaled with respect to the dielectric constant of the respective sample at 1 MHz. Both of the strained samples on STO and DSO show a frequency dispersion ((e r,10 kHz -e r,1 MHz )/e r,1 MHz )) of $4%, whereas the relaxed sample on STO shows a frequency dispersion of $12%. Fig. 3(d) shows the frequency dispersion as a function of the tetragonality, c/a. Fig. 3(d) clearly shows that there is a drastic increase in the frequency dispersion as c/a of PZT films grown on STO decreases below 1.07. The frequency dispersion of e r is usually attributed to the extrinsic mechanisms such as defects and dislocations in insulating thin films. This aforementioned trend of frequency dispersion underpins the fact that the extrinsic mechanisms become more dominant for c/a < 1.07 in PZT films grown on STO as was observed in Fig. 2 .
The Rayleigh relations are frequently employed to study the extrinsic contributions due to defects of the dielectric response in ferroelectric films. 21, 22 In this analysis, the dependence of the dielectric constant on the sub-coercive AC electric field excitation E 0 is studied using the following relation:
where e 0 r and a are the intrinsic component of the dielectric constant and the Ralyleigh coefficient, respectively. a is a measure of the extrinsic contributions to the dielectric properties. The larger the value of a, the more dominant the effects of defects on the overall electrical properties of the film. Fig. 3 (e) plots e r À e 0 r as a function of E 0 for the PZT samples at 100 kHz. It is clear that e r is more sensitive to the AC electric field excitation in the relaxed PZT film than in the strained ones. Fig. 3(e) shows the variation of a/e r as a function of tetragonality. We observe in Fig. 3 (e) that a/e r is almost an order of magnitude higher in the relaxed PZT films compared to that in strained films.
Previous studies on the effects of strain relaxation in PZT films showed that the remnant polarization and the phase transition temperature depend weakly of the strain state of the film. 14, 15 On the other hand, our results indicate that the dielectric properties of ferroelectric films are more strongly affected by extrinsic mechanisms such defects and dislocations. Given that strain relaxation plays an important role in the fatigue mechanism of epitaxial ferroelectric thin films, 7 similar dielectric characterization can provide useful insights in the study of fatigue. In summary, we have studied the correlation between the structural and the dielectric properties in a set of 40 nm PZT films that are either strained or relaxed to the misfit substrates. A large increase in defect and dislocation density due to strain relaxation is observed in epitaxial PZT films with tetragonality c/a < 1.07 grown on STO substrates, which results in a significant frequency dispersion of the dielectric constant and a strong Rayleigh type behavior in those samples. For a given combination of a ferroelectric thin film and a substrate, tetragonality c/a is a quantitative measure of the degree to which epitaxial strain has been relaxed in the film and the extent of extrinsic contributions to the dielectric properties can be predicted from the value of c/a. 
